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ABSTRACT
A milestone of multi-messenger astronomy has been achieved with the detection of gravitational waves from a binary neu-
tron star merger accompanied by observations of several associated electromagnetic counterparts. Joint observations can reveal
details of the engines that drive the electromagnetic and gravitational-wave emission. However, locating and identifying an
electromagnetic counterpart to a gravitational-wave event is heavily reliant on localization of the source through gravitational-
wave information. We explore the sky localization of a simulated set of neutron star mergers as the worldwide network of
gravitational-wave detectors evolves through the next decade, performing the first such study for neutron star – black hole binary
sources. Currently, three detectors are observing with additional detectors in Japan and India expected to become operational in
the coming years. With three detectors, we recover a median neutron star – black hole binary sky localization of 60 deg2 at the
90% credible level. As all five detectors become operational, sources can be localized to a median of 11 deg2 on the sky.
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1. INTRODUCTION
The joint detection of gravitational waves from a binary
neutron-star merger (Abbott et al. 2017e) and subsequent
electromagnetic observations of an associated short gamma-
ray burst (Abbott et al. 2017c) and kilonova (Abbott et al.
2017a) have added gravitational-wave observations to multi-
messenger astronomy (Abbott et al. 2017f). The detection
of events with electromagnetic, neutrino, and gravitational-
wave detections can provide cross-cutting measurements
of phenomena that would be otherwise inaccessible indi-
vidually, for instance, an independent measurement of the
Hubble constant via electromagnetic and gravitational-wave
distance estimates Collaboration et al. (2017). Additional
multi-messenger events are awaited, as the advanced LIGO
and Virgo detectors reach design sensitivity (Acernese et al.
2015; Aasi et al. 2015). In the era of multi-messenger astron-
omy, improved sky localization of gravitational-wave events
will promote the routine and rapid identification of electro-
magnetic counterparts. The study presented here focuses on
compact binaries with at least one neutron star component,
with a specific emphasis on neutron star – black hole binaries.
Both categories provide a wide variety of electromagnetic
signatures Metzger & Berger (2012), such as gamma-ray
bursts, afterglows, and kilonova. However, certain configu-
rations of neutron star – black hole binaries are unfavorable
to such emission as the neutron star is engulfed by the black
hole before disruption Pannarale & Ohme (2014).
Localization on the sky with networks of gravitational-
wave interferometers relies on relative signal arrival times
and the realized signal amplitude in each detector. For ex-
ample, a network of two instruments with perfect timing
reconstruction would produce rings on the sky correspond-
ing to locations with similar arrival times. Using consis-
tency between the amplitude responses in widely-separated
instruments can refine this result to a few disconnected arcs
along the ring (Singer et al. 2014). Furthermore, the inclu-
sion of physical parameters of the source (intrinsic param-
eters such as spin) can help break degeneracies and further
constrain sky localization (van der Sluys et al. 2008; Ray-
mond et al. 2009): component spins misaligned with the or-
bital angular momentum can introduce “knotting” in the arc.
However, with only two detectors, electromagnetic facilities
would likely need to search hundreds to thousands of square
degrees on the sky to adequately survey the full posterior
probability distribution of sky localization.
The Virgo detector in Cascina, Italy joined the two US-
based LIGO detectors for the last month of LIGO’s second
observing run. The addition of a third detector can substan-
tially improve localization by introducing another set of base-
lines, and consequently, several intersecting rings on the sky
of constant arrival time. The intersections of the rings iden-
tify source locations consistent with measured arrival time
differences. Additionally, despite Virgo’s lower sensitivity
during O2 compared to the two LIGO detectors, the inclu-
sion of data from Virgo provides another set of baselines as
well as another point of comparison for the expected sig-
nal amplitude on arrival at separated instruments. This is
exemplified by the LIGO-Virgo detections GW170814 and
GW170817. GW170814 (Abbott et al. 2017d), the first three-
detector observation of gravitational waves from a compact
binary merger, was localized to 1160 deg2 at the 90% credi-
ble level with only the two LIGO detectors. The inclusion of
Virgo reduced this area to only 100 deg2. For the binary neu-
tron star merger GW170817, the addition of data from Virgo
reduced the LIGO-only 100 deg2 sky localization to roughly
30 deg2 (Abbott et al. 2017e), enabling the swift identifica-
tion of the electromagnetic transients and host galaxy (Ab-
bott et al. 2017f). Over the next decade, it is anticipated that
sky localization of compact binary systems detected through
gravitational waves will be confined to areas of a few tens
to hundreds of square degrees (Abbott et al. 2016b), as all
detectors reach design sensitivity.
Two additional ground-based interferometers are in the
construction or planning stages. Kagra, a Japanese-built,
cryogenically-cooled, 3-km interferometer in the Kamioka
mine (Aso et al. 2013) is in the construction stage. Kagra
is projected to begin science operations during or soon after
2018. In addition, construction is expected to begin on the
LIGO-India detector in the early 2020s with possible oper-
ations beginning in 2024 (IndIGO Collaboration 2011). If
all five instruments are active and equally sensitive, it is ex-
pected that sky localization regions for binary neutron star
(BNS) systems will reduce to ∼ 1 − 10 deg2 (Wen & Chen
2010).
In this study, we examine sky localization mainly for a
set of neutron star – black hole (NSBH) mergers detectable
by the LIGO-Virgo network (HLV). We then study the same
events in the LIGO-Kagra-Virgo (HKLV) and LIGO-India-
Kagra-Virgo (HIKLV) detector configurations, following the
expected progression of additions to the detector network.
In general, the progression from three-, to four-, to five-
instrument networks reduces the median integral sky area
at the 90% credible interval by about a factor of two be-
tween each detector configuration for a canonical population
of NSBH sources. While multiple studies have examined
sky localization with BNS systems (Nissanke et al. 2011;
Veitch et al. 2012; Singer et al. 2014; Rodriguez et al. 2014;
Berry et al. 2015; Farr et al. 2016), this is the first study
to examine the localization of a population of NSBH events
with plausible component masses and spins in the advanced
gravitational-wave detector era. We also perform a similar
study for a smaller selection of BNS sources, as a compari-
son metric with past studies.
GW SKY LOCALIZATION 3
2. GRAVITATIONAL-WAVE SKY LOCALIZATION
The amplitude, time of arrival, and phase of the gravitational-
wave strain at a given instrument is dependent on the source
location. The measured strain has an intrinsic source-
dependent amplitude, and two factors (the so-called “antenna
patterns") determining the geometric sensitivity to either po-
larization of the gravitational wave. A single interferometer,
and hence only a single measurement of the combination
of two amplitudes, is unable to independently measure re-
sponses to both gravitational-wave polarizations, nor a time-
of-arrival difference, and is therefore unsuitable for source
sky localization. However, localization is possible with two
or more interferometers, as each additional detector provides
an independent measure of the difference in time of arrival
along the sites’ baseline. Each difference corresponds to a
ring of locations in the sky, with the center of the ring formed
by the baseline projected into the celestial sphere. The inter-
sections of those rings for each detector pair indicate most
probable source locations on the sky. As the number of de-
tectors increases, specific intersections are favored, further
reducing sky localization regions. This is equivalent to the
technique of triangulation (Fairhurst 2011b). Rings of con-
stant arrival time have widths proportional to source timing
uncertainty. In addition to the time of arrival precision (and
hence timing uncertainty), the precision with which phase
of arrival is determined is also crucial to the localization
size (Singer & Price 2016).
The orientation of the gravitational-wave detector rela-
tive to the incident source direction further affects localiza-
tion. Different detectors are not equally sensitive to the same
source location, as gravitational-wave interferometers are not
omni-directional and do not have aligned zenith axes. As ad-
ditional detectors are constructed, the constraints on which
relative amplitudes (corresponding to antenna-pattern values)
are supported by the data become tighter, since several dis-
parate amplitudes must be matched self-consistently by the
signal projected at each site. Consistency in the expected
detected amplitude of an incoming wave between different
sites can also further reduce localization regions. In general,
having differing amplitude response from geographically-
separated sites provides better localization, as was notable
for GW170817 (Abbott et al. 2017e). For a given network
configuration, it is possible to extract the expected error re-
gion from the Fisher information matrix as a timing-weighted
sum over the angles formed by the normal of the planes of
each non-degenerate instrument triple and the wave propa-
gation direction (Wen & Chen 2010). Geographically, the
placement of new instruments will have varying effects on
localization, depending on location and orientation relative
to the remainder of the network. Previous studies have exam-
ined the optimal placement of new instruments (Searle et al.
2006; Hu et al. 2015).
Localization also depends on source parameters, with BNS
systems generally achieving better localization than NSBH
systems. This is due to the frequency content of the signal,
measured by its effective bandwidth. Effective bandwidth is
the second noise-weighted moment in frequency of a source
waveform (see Equation 2 of Fairhurst 2011a). Thus, sky lo-
calization for sources with equal signal-to-noise ratio (SNR)
will change with differing effective bandwidth. NSBH sys-
tems typically have smaller effective bandwidths than BNS
systems, due to more compact frequency content. Based on
effective bandwidth alone, a canonical NSBH system (1.4
M + 10 M) is expected to have 1.32 times larger local-
ization error regions than their canonical BNS counterparts
(1.4 M + 1.4 M), at equal SNR. However, effective band-
width and SNR in isolation are not sufficient to fully describe
the sky localization capabilities of a given network.
Other source parameters, such as spin, can further affect lo-
calization through the effective bandwidth. Large spin mag-
nitudes, when their direction is orthogonal to the plane of the
binary, shift the frequency content of the waveform relative
to the non-spinning case (Bardeen et al. 1972; Reisswig et al.
2009). Thus the effective bandwidth is changed because this
power now resides in a frequency region with different spec-
tral sensitivity, changing the expected size of localization re-
gions. The components of the spin projected into the orbital
plane also affect localization (van der Sluys et al. 2008; Ray-
mond et al. 2009), but nominally through breaking degenera-
cies in the parameter space, rather than through the effective
bandwidth.
3. POSTERIOR SAMPLING AND EVENT POPULATION
A fixed set of simulated gravitational-wave events is
analyzed in three different detector configurations: HLV,
HKLV, and HIKLV. All event properties are left un-
changed between each network configurations. We employ
lalinference_mcmc (Veitch et al. 2015), one of the
standard Markov-Chain Monte Carlo samplers developed
within the LIGO-Virgo collaborations to produce Bayesian
posteriors of binary waveform properties. To ensure that the
effect of correlation with other source properties is accounted
for, we sample all source properties and orientation parame-
ters. However, only the sky area is examined in detail. We
refer the reader to Gaebel & Veitch (2017) for how accurately
other properties such as masses and spins would be measured
with additional detectors. As with previous studies, our sim-
ulations are performed noise-free to separate the localization
uncertainties from effects arising from realizations of the
noise (Rodriguez et al. 2014; Berry et al. 2015). All instru-
ments are assumed to have identical advanced LIGO design
sensitivity curves (LIGO Scientific Collaboration et al. 2015)
with the exception of Virgo which assumes its own advanced
Virgo curve (Acernese et al. 2015; Patricelli et al. 2016).
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3.1. Neutron Star – Black Hole Binaries
We make use of a population of NSBHs, with waveforms
modeled using the IMRPhenomPv2 (Hannam et al. 2014)
family. Previous studies addressing NSBH have assumed
fiducial, fixed masses and neglect spin. Known X-ray bi-
naries (XRB), one of the most likely evolutionary paths of
NSBH, have a handful of mass and spin measurements Farr
et al. (2011); Fragos & McClintock (2015); Corral-Santana
et al. (2016). While a detailed population analysis is beyond
the scope of this work, the values measured span the range
explored here. Therefore, in the absence of well measured
population statistics, we note that uniform distributions are
plausible and have the additional advantage of mapping rea-
sonably well on to the priors adopted by gravitational-wave
parameter estimation Veitch et al. (2015). Masses are drawn
from a uniform distribution between 5 – 30 M for BH and
1 – 3 M for NS. The black hole spin is distributed isotrop-
ically with dimensionless magnitudes (a = |S/m2|) uniform
up to 0.99. The population is selected to represent a plausi-
ble set of detections with the three-instrument HLV network,
described in Pankow et al. (2017). The set of posteriors from
Pankow et al. (2017) are used for the HLV network studies,
without modification1.
3.2. Binary Neutron Stars
When comparing the effect of source properties, BNS pop-
ulations should have less variation in sky localization: their
mass ranges are narrower — thus leading to less variation in
effective bandwidth — and their spins are not expected to be
high enough to induce measurable precessional effects (Ab-
bott et al. 2016c). It is unlikely that other properties, such
as tidal deformability are significant enough to affect sky lo-
calization. As BNS localization is addressed in several pre-
vious studies, we restrict our study to only three representa-
tive BNS systems, each with different spin magnitudes but
consistent masses (1.4 M + 1.4 M). We examine three
different spins: zero-spin, component spin magnitudes equal
to the largest spin measured in a binary of NS with dimen-
sionless spin magnitude a = 0.05 (Kramer & Wex 2009), and
spin magnitudes near the fastest observed neutron star spin at
a = 0.4 (Freire et al. 2008). In all cases, the spin direction is
oriented in the plane of the binary to capture the range of vari-
ation induced in the waveform by the precessing spins. Each
system is then scaled to distances corresponding to SNR of
12, 14, 16, and 20 to simulate various potential detection
ranges over each network configuration.
4. RESULTS
1 In Pankow et al. (2017), five configurations of fixed parameter sets were
examined. In this work, we use the posteriors with no fixed source parame-
ters.
The following sections present the resultant credible re-
gions for the transition between HLV to HKLV and HKLV
to HIKLV. It is important to recall that this is equivalent to
viewing the same population of events, but with additional
instruments added to the network. In general, this means that
the SNR of each event receives contributions from additional
instruments. The overall improvement in sky localization is
thus split between both the increase in SNR (which improves
the timing uncertainty measurement in the network) as well
as the additional constraints added by amplitude and phase
consistency over the network.
When visualizing distributions which would nominally be
shifted across the sky by the Earth’s rotation, we instead use
Earth-fixed coordinates. This is achieved by aligning the zero
of the right ascension with the prime meridian to represent
sky alignment with the Earth at the event time. This rep-
resentation highlights any correlations between sky localiza-
tion size and network orientation which is necessarily fixed
to the frame of the Earth.
4.1. Neutron Star – Black Hole Binaries
The panels in Figure 1 show the transition in sky local-
ization capability for the same set of NSBH events realized
in each detector configuration. Specifically, the left panel in
Figure 1 shows the same events in the transition from LIGO-
Virgo to LIGO-Kagra-Virgo. The improvement in sky local-
ization is universal.
The right panel of Figure 1 shows a similar transition as the
LIGO-India detector is activated. Here, the decrease is less
noticeable as arc-like regions have already been reduced to
more symmetrical ellipses. The best improvement is now ap-
parent over the Indian Ocean, northeast of Australia, as well
as a continued decrease in error region size over the equator
in the Pacific. This effect is due to the geographic location of
LIGO-India, as these events would be nearly directly over-
head and thus well oriented for detection.
We compare our NSBH localizations to the expected sky
localizations according to Equation 41 in Wen & Chen
(2010) in Figure 2, finding generally consistent results. The
histograms indicate the median and 90% credible intervals
for each network configuration of these events, which are
also recorded in Table 1. The notable scatter between ex-
pectation and reality may arise from systematic underesti-
mation, particularly at low SNR where assumptions inherent
to the analytic approximations break down Vallisneri (2008).
Overall, the median and 90% intervals decrease by a factor
of about three between the three- and four-detector transi-
tions and a factor of two as a fifth detector is added. We also
explore the relationship between network SNR and sky lo-
calization for HKLV and HIKLV configurations in Figure 2,
recovering the expected relationship as suggested in Berry
et al. (2015).
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Figure 1. Left: 90% credible regions for NSBH sky localization with the HLV (orange) and HKLV (green) networks plotted on the sky in an
Earth-fixed geographic coordinate frame. Right: Same, but for the HKLV (green) to HIKLV (red) transition.
Figure 2. Left: scatterplot and histogram of 90% credible regions for NSBH sky localization. The histogram shows the distribution of sky
localizations for both HLV (orange) and HKLV (green) detector networks. The scatterplot displays localization of all NSBH events in the
HKLV network, along with the expected sky localization according to Equation 41 in Wen & Chen (2010). Events are colored by their network
SNR. For comparison purposes, a dashed line is displayed for equal expected sky localization error region and computed sky localization error
region. Right: Same, but for the HKLV (green) to HIKLV (red) transition. The scatterplot now contains events in the HIKLV network.
HLV HKLV HIKLV
50% 60 19 11
90% 193 66 30
Table 1. Summary of 50% (median) and 90% fractions of the 90%
credible regions for the NSBH event study. Values are represented
in units of square degrees.
4.2. Binary Neutron Stars
The resulting localization regions for the full parameter
set BNS study are displayed in Figure 3 for all considered
spin configurations. We recover the expected scaling of sky
localization areas with SNR. In general, there is no dis-
cernible difference between signals with zero and non-zero
spin when considered at the same SNR and network config-
uration. While only one sky location has been examined, we
expect similar results for most BNS signal parameters, scaled
appropriate by fiducial sky location. Table 2 contains a full
list of localization areas at 90% credibility.
Fairhurst (2011a) predicts a localization region size be-
tween 10 and 150 deg2 for a canonical BNS event in the HLV
network with a reference SNR near 14. We obtain a value
of 43 deg2, near the median of areas predicted in Fairhurst
(2011a), for our comparable zero-spin and SNR of 14 lo-
calizations in the HLV configuration. As Kagra is added
to the network2, Fairhurst (2011a) predicts localization re-
gions to shrink to between 4 and 22 deg2. We recover a lo-
calization region around 21 deg2 for the HKLV network, re-
2 Note that Fairhurst (2011a) and most other previous studies refer to
Kagra as ‘J’.
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maining broadly consistent with the predictions of Fairhurst
(2011a). While the inclusion of LIGO-India was not exam-
ined in Fairhurst (2011a), we recover a median localization
of 9.3 deg2 for the HIKLV network.
Figure 3. The 90% localization regions for a canonical BNS system
(1.4 M + 1.4 M) at each of the three network configurations and
spin magnitude values. Superimposed in each panel are the local-
ization regions at different network SNRs (12, 14, 16, and 20). Net-
works HLV, HKLV, and HIKLV are read top to bottom, and spins
start on the left, iterating through 0, 0.05, and 0.4. Spin configu-
rations examined here have little influence on the region size and
shape.
4.3. Comparison With Previous Studies
We can compare our result to several studies of advanced
network sky localization which have already been performed.
We compared our results to those from analytic expectations
of Wen & Chen (2010) and Fairhurst (2011a) throughout Sec-
tions 4.1 and 4.2, respectively. The expression used to cal-
culate the expected error regions from Wen & Chen (2010)
produces values which are consistent with both Fairhurst
(2011a) and our studies. In addition, our study remains
broadly consistent with the analytic results of Vitale & Zano-
lin (2011), recovering similar scalings in localization im-
provement for successive detector networks for a canonical
BNS to our results in Table 2.
Studies such as Singer et al. (2014) have examined the
sky localization capabilities of two- and three-interferometer
networks of LIGO and LIGO-Virgo, using more realistic as-
sumptions. In particular, they carried out an end-to-end study
of the localizations from the outputs of one compact binary
search pipeline used in the first two observing runs (Messick
et al. 2017). They use a stream of data with colored, but
Gaussian, noise and apply a minimum network SNR cut of
12 for each event. Singer et al. (2014) projected that Virgo
would join the LIGO instruments during the second observa-
tion run at the sensitivity indicated in Abbott et al. (2016b).
They examine a population of BNSs in the HLV configura-
tion, obtaining a median sky localization of 235 deg2 at the
90% credible level. For our study of NSBH localization, we
obtain a median sky localization of 193 deg2, seemingly con-
trary to the expectation that BNS sources are better localized
than NSBHs. However, the fiducial networks in our study are
have better sensitivities over a given frequency range com-
pared to Singer et al. (2014), leading to improvements in
the effective bandwidth measured by a given instrument. So,
our improved localization from that predicted by Singer et al.
(2014) can be attributed to our use of 2018-era instruments
as opposed to the less-sensitive 2016 configuration used in
Singer et al. (2014).
Rodriguez et al. (2014) resolve sky localization for a BNS
population in which each event realizes a network SNR of 20.
On the contrary, our NSBH study samples a wide distribu-
tion of network SNRs, meeting a minimum SNR threshold3.
Therefore, our study probes the SNR regime at which detec-
tions are most likely to occur, while Rodriguez et al. (2014)
ignores this low network SNR range. Nevertheless, our Fig-
ure 1 is qualitatively comparable to Figures 6 and 7 in Ro-
driguez et al. (2014). Particularly, the increased isotropy of a
three- to four-instrument network and the subsequent, near-
universal reduction of arc-like error regions to more compact
forms are comparable.
Veitch et al. (2012) examine the improvement between the
HLV and HKLV configurations for a set of canonical (1.4
M + 1.4 M) BNS events, distributed at a fixed distance but
otherwise isotropically in orientation. Veitch et al. (2012) ob-
tain a median sky localization of 10 deg2 at the 90% credible
level with a four-site network, while for a similar network we
obtain a median of 19 deg2 for our set of NSBHs. This in-
crease in sky localization by a factor of 1.9 is consistent with
the naïve expected improvement of 1.352 ≈ 1.8, based on the
decrease of effective bandwidth as discussed in Section 2.
Nissanke et al. (2013) track localization improvement for
a set of 5 M + 1.4 M NSBH events, with non-spinning
binary components. For a three-detector network, Nissanke
et al. (2013) recover a median localization of 50 deg2 with
a maximum localization of 170 deg2 for all events studied.
3 We require an SNR of at least 5.5 in the second-loudest detector.
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HLV HKLV HIKLV
SNR 0 0.05 0.4 0 0.05 0.4 0 0.05 0.4
12 74 80 80 30 34 34 12 13 12
14 43 56 58 21 21 22 9.3 8.1 9.0
16 37 35 45 15 13 15 6.1 5.8 5.9
20 22 24 24 8.0 7.8 8.3 3.1 3.8 3.9
Table 2. The 90% localization region values for BNS runs in square degrees. Each set of three columns corresponds to a network configuration
(top), and a component spin magnitude (below network). Each row corresponds to the same event with a distance adjust such that the SNR
values are 12, 14, 16, and 20.
Nissanke et al. (2013) recover an analogous five-detector me-
dian localization of 6 deg2 with a maximum of 65 deg2.
These results are consistent with our NSBH localizations
recorded in Table 1, with slight differences largely attributed
to differences in NSBH mass and spin.
Chen & Holz (2016) examine a population of BNS in both
a three instrument HLV as well as five instrument HIKLV
configuration with a volumetrically and isotropically dis-
tributed population. Our fiducial event in the HLV configura-
tion falls above their median for all SNRs, but is comparable
for their median in the five instrument configuration, when
the SNR 20 case is considered.
5. ELECTROMAGNETIC FOLLOW-UP
We can use the electromagnetic follow-up campaigns of
GW150914 (Abbott et al. 2016a) and GW170817 (Abbott
et al. 2017f) as examples of how the electromagnetic obser-
vation of a potential NSBH event would develop. The follow-
up of GW150914 and GW170817 included several facilities
which are likely to continue operation as the three-instrument
network reaches design sensitivity. Potential electromagnetic
counterparts to BNS and NSBH signals should be accessible
to many of these instruments, as the peak gravitational-wave
emission exceeds the instruments’ limiting sensitivities for
both BNS (no further than ∼ 500 Mpc, z∼ 0.1) and a canon-
ical NSBH (approximately ∼ 2 Gpc, z ∼ 0.4 for a 10 M +
1.4 M system) (Chen et al. 2017). If we are able to confi-
dently separate the true source from a transient background,
then the limiting factor for electromagnetic counterpart iden-
tification is slew and observation time versus field of view
(FOV), under ideal observing conditions.
GW170817 was relatively nearby and well-localized, al-
lowing a manageable area to be searched through electro-
magnetic campaigns. GW170817’s localization lies well
below the median expected localization for the second ob-
serving run (Abbott et al. 2016b) and near the median ex-
pected for the fully advanced LIGO-Virgo network (Veitch
et al. 2012). Given the population of NSBHs in this work,
it is likely that a NSBH source will lie further away than
GW170817 (given the accessible volume of space for just the
three-instrument network) and thus the sky localization will
expand accordingly. If the cadence and FOV of current and
upcoming telescopes are typical of follow-up instruments for
NSBH events, prospects of joint detection before a fourth in-
strument activates will be challenging. Several of the cur-
rent and upcoming wide field instruments, such as the Dark
Energy Camera (Flaugher et al. 2015), PanSTARRS (Smartt
et al. 2017), ZTF (Bellm 2016), and LSST (Ivezic et al.
2008), have FOVs between 1 deg2 and 10 deg2 while slew
and observation times can vary significantly (see Table 4
in Cowperthwaite & Berger (2015)). In the four- and five-
detector era, NSBH sources will typically be localized to
less than 20 deg2, thus allowing these instruments to survey
localization regions with a few to several pointings. Identi-
fication of an electromagnetic counterpart in these localiza-
tion regions depends on several factors including magnitude
and observation time. Such factors will motivate optimal
follow-up campaigns to search localization regions for pos-
sible multi-messenger sources.
6. CONCLUSION
We have made the first examination of the localization ca-
pabilities for a set of astrophysically-motivated NSBH events
projected through the expected evolution of the advanced
gravitational-wave network. When additional independent
baselines are added, the coverage of the network becomes
more isotropic and reduces 90% confidence regions drasti-
cally, sometimes by an order of magnitude between the three-
and five-instrument networks. With the five-instrument net-
work, there are few patches of the sky where sky localiza-
tion would exceed 100 deg2, and in some cases, the required
search area is less than a few square degrees. NSBH sources
are localized at the 90% credible region to a median of 60
deg2 in the three-detector era. Analogous localization is re-
duced to 19 deg2 in the four-detector era and 11 deg2 with
five detectors. Detected event populations tend to "pile up"
in regions of the sky where the network response is most
sensitive, and the antenna response of the HLV network is
qualitatively different from HKLV and HIKLV. Adding an in-
strument can never decrease the localization capability, and
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broadly speaking, adding additional long baselines (specifi-
cally those added with Japan and India) provides the potential
for better localization. However, localization capability is not
necessarily correlated with network response — and hence
where in the sky events are detected — so it does not im-
mediately follow that the medians presented here are conser-
vative. These improvements should facilitate complete and
regular electromagnetic follow-up campaigns by many ob-
servatories at nominal coverage rates. The results presented
here are in broad agreement with both analytical treatments
as well as previous studies which have addressed the ques-
tion of BNS localization in late advanced detector eras and a
variety of potential network configurations.
Finally, while we have pinned our studies to the fully ad-
vanced LIGO design sensitivity, it is likely that this will not
be representative of the state of GW interferometry in the
mid 2020s. Particularly, it is possible that the five instrument
network may have at least some of the interferometers in a
so-called ‘A+’ configuration which may add another factor
of two or three to the ranges from the advanced LIGO/Virgo
design sensitivity (Abbott et al. 2017b). If realized, these in-
struments will further improve sky localization capabilities
with both increased SNR and narrower timing uncertainty.
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